Temporarily depriving one eye of its input, in whole or in part, results in a transient shift in eye dominance in human adults, with the patched eye becoming stronger and the unpatched eye weaker. However, little is known about the role of colour contrast in these behavioural changes. Here, we first show that the changes in eye dominance and contrast sensitivity induced by monocular eye patching affect colour and achromatic contrast sensitivity equally. We next use dichoptic movies, customized and filtered to stimulate the two eyes differentially. We show that a strong imbalance in achromatic contrast between the eyes, with no colour content, also produces similar, unselective shifts in eye dominance for both colour and achromatic contrast sensitivity. Interestingly, if this achromatic imbalance is paired with similar colour contrast in both eyes, the shift in eye dominance is selective, affecting achromatic but not chromatic contrast sensitivity and revealing a dissociation in eye dominance for colour and achromatic image content. On the other hand, a strong imbalance in chromatic contrast between the eyes, with no achromatic content, produces small, unselective changes in eye dominance, but if paired with similar achromatic contrast in both eyes, no changes occur. We conclude that perceptual changes in eye dominance are strongly driven by interocular imbalances in achromatic contrast, with colour contrast having a significant counter balancing effect. In the short term, eyes can have different dominances for achromatic and chromatic contrast, suggesting separate pathways at the site of these neuroplastic changes.
Background
Recently, a new form of plasticity affecting perceptual eye balance (termed 'eye dominance plasticity') has been described in human adults following short periods of monocular deprivation (e.g. 2 h). Following the deprivation, the patched eye's contribution to binocular vision is strengthened, but the unpatched eye's contribution is weakened. This was first demonstrated by Lunghi et al. [1] , measuring changes in binocular rivalry after patching one eye with a translucent occluder for 2.5 h, and later by Zhou et al. [2] using several tasks in which the relative contribution of each eye to the binocularly fused percept was quantified. Zhou et al. [2] showed that the relative contribution of the deprived eye to the binocularly fused percept became stronger and that of the non-deprived eye, weaker. Contrast detection thresholds of the patched eye also improved, while those of the unpatched eye deteriorated, establishing the effect to be reciprocal and binocular in nature [2] , a conclusion supported by recent electroencephalogram (EEG) [3] and neuroimaging [4] in humans. These neuroplastic changes slowly diminish over a period of about 1 h. This residual plasticity in binocular vision in adults is of particular interest as it potentially offers a means of restoring normal binocular balance in patients whose binocular balance has been disrupted during early visual development [5] . A better understanding of this plasticity is important to optimize its clinical application as well as for understanding its neural mechanisms.
Zhou et al. [6] subsequently developed a dichoptic movieviewing paradigm in which the visual input to one eye was deprived as a result of digital spatial filtering over a 2.5 h deprivation period. This allowed a more controlled type of monocular deprivation by unbalancing the spatial image content between the two eyes. The resulting psychophysical changes in eye dominance were smaller, and were found to be not tuned to orientation, but were selective for higher spatial frequencies. We have argued that these effects must act at a binocular site because the sensitivity changes for the deprived and non-deprived eye are reciprocal in nature [2, 7] . Overall, these neuroplastic effects are thought to occur at an early stage in the visual system, within the thalamo-cortical processing pathway and area V1 [8] [9] [10] . Intrinsic optical imaging in primates also suggests that the changes are apparent at the level of the ocular dominance columns in V1 [11] .
To better understand the neural substrate of these neuroplastic changes, here we aim to define the role of colour versus achromatic contrast in eye dominance plasticity, both in producing the changes (selectivity of the inducing effects) and in terms of how these changes affect responses to chromatic and achromatic contrast stimuli (selectivity of the target effects). To date, this form of eye dominance shift has only been investigated using unselective monocular deprivation that restricts both achromatic chromatic contrast similarly, whether achieved by a physical occluder (opaque or translucent patch) [1, 2] or by depriving one eye using the dichoptic movie approach [6] . Here, we test the effect on eye dominance of deprivation of colour and achromatic contrasts separately as well as in different combinations. We also ask whether the effects of deprivation are selective in nature. We assess the deprivation-induced shifts in eye dominance using both chromatic and achromatic stimuli in order to determine whether the effects are selective or unselective; for example, does achromatic contrast deprivation target only achromatic contrast sensitivity and/or does chromatic deprivation affecting only chromatic sensitivity? These issues have not been previously addressed.
We use a phase combination paradigm that allows the relative contribution of each eye to the binocularly fused percept to be quantified [12] [13] [14] [15] . First (experiments 1 and 2), we show that monocular deprivation by a translucent occluder, involving unselective deprivation of both achromatic and chromatic information, produces similar changes in eye dominance and contrast sensitivity for both achromatic and chromatic stimuli. Next (experiment 3), we show using the movie paradigm that selective monocular deprivation involving only achromatic contrast (with no colour present in either eye) results in a significant change in eye dominance affecting both chromatic and achromatic stimuli. On the other hand, using the same conditions (monocular deprivation of only achromatic contrast) but with balanced colour contrast present in both eyes (experiment 4), we find a selective change in eye dominance for achromatic but not chromatic test stimuli. In the last two experiments (experiments 5 and 6), we investigate the effects of colour-only deprivation. We show that monocular deprivation involving only isoluminant colour contrast (with no achromatic contrast present) produces very small and unselective changes in eye dominance for both types of contrast (experiment 5), and when paired with balanced achromatic contrast in both eyes (experiment 6), no change in eye dominance occurs (for any stimulus). We conclude that interocular achromatic contrast is very effective in inducing and counter balancing eye dominance changes. Colour contrast, on the other hand, while relatively ineffective at inducing changes, plays an effective role in counter balancing ocular preference changes induced by monocular achromatic deprivation. This chromatic counter balancing reveals an interesting dissociation in which eye dominance after selective deprivation can be affected differently for achromatic and chromatic contrast, in this case unbalanced for achromatic contrast but balanced for colour contrast. This effect is important as it reveals the presence of colour selective as well as unselective interocular gain control mechanisms.
Material and methods (a) Observers
Six adults (age: 28.7 + 6.1 years, three females) with normal or corrected to normal vision participated in the study. A withinsubject experimental design was used for all experiments.
(b) Design
Six different experiments were conducted to assess the effects of short-term monocular deprivation under different conditions. Five of these (experiments 1 and 3-6) assessed the effect of monocular deprivation on eye dominance and one (experiment 2) assessed the effect on contrast detection thresholds. For each observer, the dominant eye, which was identified by the hole-in-the-card test [16] , was chosen for short-term deprivation. In experiments 1 and 2, a change in sensory eye dominance was induced by patching, with the dominant eye deprived by covering with a translucent patch that has 80% light transmission but no pattern transmission. Observers carried out their normal activities while patched. In experiments 3-6, one eye was unilaterally deprived by watching a movie in a dark room that was dichoptically filtered to produce a different input for each eye. The deprivation protocol had three consecutive stages: a baseline measure of binocular sensory balance, a 150 min patching or 150 min filtered movie-viewing stage and a post-measure of binocular sensory balance. Testing sessions started immediately after the end of the deprivation period and lasted for up to 60 min afterwards. Each testing session for the measurement of eye balance lasted about 3 min. In experiment 2, however, contrast detection thresholds were measured and each test session lasted about 15 min. Patching effects for different conditions were assessed on different days with a randomized order for different observers.
(c) Procedures (i) Measuring sensory eye dominance
The change of sensory eye dominance was quantified by a binocular phase combination task, identical to that used previously [2, 7] , in which two horizontal sine-wave gratings with equal and opposite phase-shifts of 22.58 relative to the centre screen were dichoptically presented to the two eyes. The perceived phase of the resulting binocular percept was measured and used as an index of sensory eye dominance. As shown in figure 1a , if the patched eye becomes stronger, the binocularly perceived phase becomes more negative; otherwise, if the patched eye becomes weaker, the binocularly perceived phase becomes more positive. For detailed procedures, see the electronic supplementary material.
(ii) Measuring monocular contrast threshold In this experiment, we measured the effects on sensory eye dominance of depriving one eye of all achromatic and chromatic contrast by monocular patching with a translucent occluder (2.5 h). The variation in the relative weights of the contribution of the left and right eye to the binocularly fused percept was measured using the binocular phase combination task, as illustrated in figure 1a ,b. Figure 1c shows that the perceived phase in the post-patching period shifts towards the minus direction (average of five subjects), indicating a relative strengthening of the patched eye's contribution to the binocularly fused percept. This eye dominance shift was similar both in magnitude and time course for both isoluminant red/green (RG) and achromatic stimuli. A repeatedmeasures within-subjects analysis of variance (ANOVA) showed that the magnitude of the perceived phase (i.e. the patching effect) was not significantly different between the two stimulus types (i.e. chromatic versus achromatic contrast): (b) Experiment 2: effects of short-term deprivation of both achromatic and chromatic contrast on contrast detection thresholds
Previously, we have shown that short-term monocular patching which deprives one eye of all achromatic and chromatic contrast also affects monocular achromatic contrast detection thresholds; the detection threshold of the patched eye is reduced (sensitivity improved) while that of the unpatched eye is increased (sensitivity reduced) [2, 7] . This suggests that the patching effect acts at a dichoptic/binocular site because the eye whose visual input was not deprived suffered a loss in sensitivity owing to the deprivation of the contralateral eye. It is of interest therefore to know whether such a reciprocal effect also affects chromatic thresholds, and if so, whether these effects are comparable to those for achromatic stimuli. To answer this, we compared the effects of short-term patching on monocular contrast detection thresholds for chromatic and achromatic stimuli using isoluminant RG and achromatic stimuli in three observers (figure 2a). Observers' contrast thresholds for both stimulus types were measured using a method of constant stimuli. Data were collected over a 4 day period with one condition completed each day (i.e. eye/stimuli combinations). The individual results for three subjects who participated in this experiment are plotted in figure 2b . Consistently, after the removal of the patch, the contrast threshold of the patched eye decreased while that of the unpatched eye increased. Thresholds returned to baseline by 60 min after the removal of the patch. The effects were comparable for both isoluminant chromatic and achromatic luminance contrast in terms of both the magnitude and the time course of the threshold changes. A Z-score analysis at different time points showed that the normalized contrast thresholds were not significantly different between the chromatic and achromatic measurements ( p . (c) Experiments 3 and 4: effects of short-term monocular achromatic-only contrast deprivation on sensory eye dominance for chromatic and achromatic contrasts
In experiments 1 and 2, we have shown that when combined achromatic and chromatic contrast are deprived in one eye, as when a translucent occluder is used, the resulting changes affect achromatic and chromatic sensitivity in a comparable way, both at threshold (experiment 2) and above threshold (experiment 1). We next assess whether selective short-term monocular deprivation of just achromatic contrast shifts sensory eye dominance and, specifically, whether the effects are unselective and result in changes to both chromatic and achromatic sensitivity, or selective and result in a change in sensitivity for only one contrast type. Hence, this experiment tests the selectivity of the target effects of selective, achromatic deprivation. This was tested in two forms: achromatic deprivation in stimuli devoid of all chromatic contrast (experiment 3) and in stimuli that have balanced chromatic contrast between the two eyes (experiment 4). We use the movie paradigm [6] to produce short-term monocular achromatic-only deprivation, as illustrated in figures 3a and 4a. The results of experiment 3 (figure 3b), on the effects of selective achromatic deprivation in the absence of colour contrast, show significant changes in eye dominance that affects chromatic and achromatic test stimuli equally. A repeated-measures within-subjects ANOVA also showed that the main effect of stimuli type was not significant: F 1,4 ¼ 0.16, p ¼ 0.71; the interaction between stimuli type (i.e. chromatic and achromatic) and time sessions was also not significant: F 7,28 ¼ 0.41, p ¼ 0.89, indicating a similar effect for isoluminant chromatic and achromatic test contrasts. Hence, short-term monocular achromatic deprivation in the absence of chromatic contrasts produces clear unselective eye dominance changes affecting both achromatic and chromatic sensitivity similarly (figure 3), and indicates that achromatic contrast is highly effective in driving eye dominance changes.
We next assessed the effects of the selective monocular deprivation of achromatic contrast in the presence of balanced interocular chromatic contrast (figure 4). This aims to explore the role of chromatic contrast in maintaining ocular preference rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171669 in the presence of an achromatic contrast imbalance between the eyes. As illustrated in figure 4a , the imbalanced achromatic contrast is paired with a matched colour contrast content shown to both eyes. The results (figure 4b) are surprising, as it is clear that under these conditions, there are differential changes in ocular preference for achromatic and chromatic test stimuli. The chromatic and achromatic responses are significantly different (F 1,4 ¼ 30.78, p ¼ 0.005). This is different from the effects reported in experiment 3 (figure 3), in which monocular deprivation of achromatic information in the absence of any matching chromatic information affect sensitivity for both contrast types equally.
pre This result indicates that chromatic contrast plays a significant role in driving the change of eye dominance. Moreover, the differential effects on eye dominance for chromatic and achromatic responses (experiment 4) suggest that they may not be subserved by a common mechanism with broadband tuning characteristics, but are more consistent with the presence of separate achromatic and chromatic eye dominance responses, which in experiments 1-3 are affected equally. We next assessed whether short-term selective monocular deprivation involving just chromatic contrast information (chromatic-only deprivation) shifts sensory eye dominance and whether the effects are unselective, reflected in both isoluminant chromatic and achromatic sensitivity, or selective, affecting only one contrast type (figure 5). The experiment took two forms: monocular chromatic deprivation of stimuli that were devoid of all achromatic contrasts (experiment 5) and of stimuli that had balanced achromatic contrast between the two eyes (experiment 6). As before, we used the movie paradigm [6] to produce short-term monocular chromatic-only deprivation, illustrated in figures 5a and 6a. Interestingly, for the case where there was pure monocular deprivation of chromatic information in the absence of achromatic contrast (figure 5b), results showed minimal alteration of sensory eye dominance for either chromatic (circles) or achromatic test stimuli (squares). A repeatedmeasures within-subjects ANOVA showed that the main effect of stimuli type was not significant: F 1,4 ¼ 0.33, p ¼ 0.60, indicating a small effect that was comparable for isoluminant chromatic and achromatic test stimuli. Hence, experiment 5 shows that the effect of short-term monocular colour-deprivation in the absence of achromatic contrasts does not produce clear ocular preference change for either achromatic or chromatic sensitivity, suggesting that chromatic contrast, unlike achromatic contrast (experiment 3; figure 3 ), is relatively ineffective in driving the change of eye dominance.
To assess the role of achromatic contrast in maintaining eye dominance, we measured the effects of monocular chromatic deprivation in the presence of balanced interocular achromatic information (experiment 6). Changes in ocular preference were assessed for both achromatic (squares) and chromatic (circles) test stimuli. The results (figure 6b) show that the presence of matching achromatic contours is sufficient to abolish any small change in eye dominance found in figure 5 for monocular chromatic deprivation. None of the data points in figure 6b are significantly different from the baseline level of 0 ( p . 0.21, two-tailed). Figure 7 provides a summary of our patching and selective movie-deprivation results in terms of the areal change ( phase Â time) produced by different monocular deprivation manipulations computed from 0 to 30 min after the completion of the period of deprivation.
From left to right, translucent occlusion which removed all chromatic and achromatic image content from one eye (experiment 1) results in robust changes in dominance that are unselective for achromatic and chromatic contrast (t 4 ¼ 20.33, p ¼ 0.76, two-tailed paired-samples t-test). A selective deprivation of only achromatic image information from one eye in the absence of chromatic information (experiment 3) results in significant but unselective changes in dominance for both achromatic and chromatic stimuli (t 4 
Discussion and conclusion
In this paper, we have determined the chromatic and achromatic selectivity of the monocular deprivation necessary to produce as well as prevent short-term changes in eye dominance, together with the selectivity of the target effects. The results on the effects of selective deprivation are novel and play mean luminance to one eye and a colour-only movie to the other eye arise from our use of a dichoptic movie paradigm to produce a more selective and controlled deprivation than can be obtained using a physical occluder, which necessarily involves complete deprivation of the combined achromatic and chromatic content of images. Our findings show that the optimal stimulus for initiating neuroplastic changes in eye dominance involves a deprivation of achromatic contrast information and, in comparison, deprivation of chromatic contrast information is relatively ineffective. However, despite its weakness in driving plastic change, we found that colour contrast played a significant role in eye dominance shifts because the presence of balanced chromatic information in the two eyes inhibited the eye dominance changes for colour contrast induced by selective monocular deprivation of achromatic image content (experiment 4). This suggests that there is a distinction between changes in eye dominance driven by imbalanced information between the eyes, and potential eye dominance changes that can be counterbalanced or inhibited by balanced information. The role of chromatic information appeared to be small in the former (driving changes) but larger in the latter (counter balancing or inhibiting changes). Achromatic information also played a role in counter balancing or inhibiting plastic changes driven by a chromatic imbalance between the eyes (experiment 6), but the selective nature of this effect could not be revealed as the eye dominance changes produced by the chromatic imbalance were very small (experiments 5 and 6).
We also examined the selectivity of the target effects from monocular deprivation. When the monocular deprivation includes both achromatic and chromatic contrast information, as in the case of a translucent occluder, the changes in contrast sensitivity and in eye dominance are similar for achromatic-and chromatically defined stimuli (experiments 1 and 2). Using a task in which only the achromatic contrast is deprived in one eye in the absence of colour contrast (experiment 3), we show that the resultant changes in eye dominance are relatively large and affect both achromatic and chromatic responses equally. Similarly, using a task in which only the chromatic contrast is deprived in one eye, in the absence of achromatic contrast (experiment 5), the changes in eye dominance are small and not statistically significant for either colour or achromatic contrast. Hence, results from the experiments in which the deprivation was either unselective (an occluder depriving both achromatic and chromatic contrast) or selective in which only chromatic contrast or only achromatic contrast was deprived with the other contrast absent (using dichoptic movies), the changes in eye dominance are unselective, affecting both achromatic and chromatic stimuli similarly. Such unselective changes are consistent with neuroplastic effects occurring within common neural processes that are broadband in nature (i.e. sensitive to both achromatic and chromatic contrast). However, this conclusion is not consistent with the results of the experiment in which we had a monocular deprivation of achromatic information in the presence of balanced chromatic input (experiment 4)-the only manipulation that produced a selective effect with eye dominance changing for achromatic but not chromatic stimuli. The resulting dissociation, in which the two eyes having different dominances for colour and achromatic contrast, is compatible with the presence of separable colour and achromatic contrast gain control routes for contralateral eye inhibitory suppression, presumably existing in addition to the unselective routes.
At the level in the visual system at which these changes are thought to occur, the thalamo-cortical pathway and area V1 [11] , there is wide ranging evidence for broadband mechanisms that carry both achromatic and chromatic contrast. These include the P-cell pathway of the lateral geniculate nucleus (LGN) that projects to layer 4c, which responds to RG colour and high spatial frequency achromatic contrast [18 -21] , as well as separate populations of spatial frequency and orientation-tuned neurons in V1 that are sensitive to both colour and achromatic contrast [22] [23] [24] and are binocular [25] . There is also evidence for separable colour and achromatic contrast processing mechanisms at the level of V1 because a small minority of V1 neurons (approx. 10% of colour-sensitive cells) respond to colour only [22] [23] [24] , lack orientation tuning, have lowpass spatial responses and are binocular [25] . Such neurons may mediate the selective changes in eye dominance that we find when achromatic rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171669
and chromatic eye dominance are dissociated. Binocular influences are also thought to occur at the level of the LGN [26, 27] , probably involving cortico-fugal modulation originating from lamina 6 of V1. Very little is as yet known about the function of this pathway, although our results imply that colour responses can be selectively modulated. It is curious that eye dominance changes cannot be induced by chromatic contrast alone. This cannot be explained by a lack of binocular mechanisms in colour vision because psychophysical experiments have shown that colour vision exhibits binocular summation with similar orientation tuning to achromatic contrast [28] . In addition, neurophysiological studies of primate V1 show clear evidence for chromatic binocular mechanisms, both orientation-tuned and isotropic [25] . The most parsimonious explanation is that achromatic vision is sensitive to a wide range of spatial frequencies, including the high ones, whereas human colour vision is naturally lowpass and low acuity [29] . High spatial frequencies have been shown to be good drivers of eye dominance plasticity [6] and the lowpass properties of human colour vision may be why chromatic image content is such a weak driver of eye dominance change.
On the face of it, the results concerning the target effects of translucent patching (experiment 1), namely comparable effects for achromatic and chromatic sensitivity, are at odds with the study by Lunghi et al. [30] who, using a binocular rivalry paradigm, reported larger and more sustained induced eye dominance effects for isoluminant stimuli. The differential effects for colour and luminance stimuli reported in this previous study [30] are likely to be owing to the use of a very different task, binocular rivalry, as a measure of eye dominance. Recent results indicate that the two types of measurement, the binocular fusion of monocular images occurring in the phase integration task used here and the interocular competition evoked by rivalry, are supported by different neural mechanisms. We see at best only a minor role for colour in the induction of eye dominance changes from monocular deprivation and no evidence from the target effects to suggest that the chromatic effects are stronger or longer lasting. We do find that chromatic and achromatic target effects may be dissociated, but only for the specific case in which selective achromatic deprivation is combined with balanced chromatic contrast, producing eye dominance changes for achromatic but not colour stimuli.
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